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012.10.0Abstract The observational method was introduced into geotechnical engineering to improve both
theories and construction techniques. This method was developed to avoid highly conservative
assumptions about soil properties in geotechnical design when faced with unavoidable uncertainties
of natural ground conditions. The assumptions involved in soil mechanics theories usually differ to
a certain extent from reality. These assumptions can be improved by employing an observational
database. Thus, theories of geotechnical engineering can be developed by observations during the
construction stage. Moreover, precise management of construction work by close observations is
essential to avoid risk and to alter the design if needed to match the real conditions. This paper
sheds some light on the importance of the observational concept in deep foundations through three
case studies. The ﬁrst one demonstrates the effect of working hypotheses on design outputs of an
open caisson of 22 m internal diameter. The other two case studies present the difference between
theory and reality during construction stage of auger cast-in-place piles (ACIP) in difﬁcult subsoil
conditions. Importance of merging the documented theories with the available observations is dis-
cussed. The study shows that working hypotheses and engineering models affect the cost and the
time required for construction of deep foundations. Field observations are essential during instal-
lation of ACIP at a site. Some precautions should be considered when drilling ACIP through sand-
stone of inclined top surface. These precautions are mainly dependent upon ﬁeld observations
during construction. ACIP can be used effectively in soil formations that have galleries and caves
using a cement–bentonite mixture to ﬁll the holes of the unsuccessful piles. Finally, the paper shares
a series of practical guidelines with engineering community all over the world that may assist in
design and construction of deep foundations.
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041. Introduction
The importance of recognizing uncertainties in geotechnical
engineering was addressed by Casagrande [8], who was not
optimistic that risks could literally be calculated or even quan-
tiﬁed. However the term ‘‘Observational method’’ was intro-
duced into geotechnical engineering by Terzaghi and Peckion and hosting by Elsevier B.V. All rights reserved.
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1940s, tentatively proposed a technique he called ‘‘Experimen-
tal method’’ or ‘‘Learn-As-You-Go method’’. The formal
ingredients and name of this method were laid down by Peck
[29]. The observational method revolves around how a project
can be economically executed based on increasing knowledge
during construction. The method was able to improve knowl-
edge about the geotechnical problems and minimized potential
construction risks. Carefully planned measures for detecting
possible differences between assumed and actual conditions
are provided in the design as well as carefully planned provi-
sions for corrective actions to be carried out in the event signif-
icant differences encountered. This approach extends the
design process into the construction phase.
Currently, the observational method is one of the design
approaches listed in Eurocode 7 [20]. This method was success-
fully applied in practice as reported by many authors such as
Nicholson et al. [27], Whitman [45], Powderham [32], Phoon
and Kulhawy [31], Wu [47], and Stuedlein et al. [35]. Whitman
[45] emphasized the importance of quantifying risk to be used
in numerical and analytical methods to assist in making deci-
sions concerning uncertainties.
The design of a geotechnical engineering project is fur-
nished by either working hypotheses or through empirical rules
that are based on observational database. Therefore difference
between reality and outcome of working hypotheses can be
minimized if uncertainties involved in the fundamental
assumptions are bounded and quantiﬁed. Moreover, the obser-
vational method helps to establish database for future develop-
ment of the theory and to ﬁll the gap between theory and
reality. Especially, the gap in geotechnical engineering is rela-
tively wide if it is compared with other ﬁelds of applied
mechanics [17].
Tremendous contributions were provided in the ﬁeld of
deep foundations during the last four decades. Still this ﬁeld
of geotechnical engineering suffers a signiﬁcant gap between
theory and practice/reality due to many uncertainties in the
interpretation of soil properties as well as the soil stratiﬁcation
system adapted in design. These uncertainties might cause de-
sign imperfections and potential construction problems. As the
observations database grows up, uncertainties in the design
and the construction will be reduced minimizing the construc-
tion risks. Improper construction of a deep foundation is often
attributed to insufﬁcient data to properly represent the subsur-
face conditions and inadequate information about the technol-
ogy and the mechanics of the machinery used in construction.
Geotechnical engineers usually work with relatively limited
data to describe and represent a complex subsurface environ-
ment where conditions can radically change over a short dis-
tance and with time. Geotechnical engineers utilize principles
of interpolation, extrapolation, deduction and inference to-
gether with sound engineering judgment to extend the limited
information to create a generalized model to represent the sub-
surface conditions. Because theoretical soil mechanics may re-
sult in different solutions for a certain problem depending
upon the applied working hypotheses, the observational meth-
od should be used along with theories to optimize the ﬁnal de-
sign and prepare construction speciﬁcations. Most of the
geotechnical literature is based on hypothetical theories and re-
searches with little emphasis on observations or case studies.
Practice is gained from construction sites, which may be led
by geotechnical engineers who may not have enough time todiscuss and analyze the problems. Furthermore, some of them
may have neither the scientiﬁc background nor the motivation
to investigate these observations. On the other hand, the ad-
vances in computer capability and modeling have attracted
the attention of researchers to contribute many theoretical
solutions apart from practice.
This paper sheds some light on the importance of the obser-
vational concept in deep foundations through three case stud-
ies. The ﬁrst one demonstrates the effect of the working
hypotheses on design outputs of an open caisson of 22 m inter-
nal diameter. The other two case studies present the difference
between theory and practice/reality during construction of au-
ger cast-in-place piles (ACIP) in difﬁcult subsoil conditions.
The paper shares a series of practical guidelines to assist in de-
sign and construction of deep foundations.2. Case study (1), effect of working hypotheses on design outputs
An open reinforced concrete caisson of 22.00 m internal diam-
eter, 1.40 m wall thickness, and 14.60 m depth was designed to
collect sewage water from a sewer pipe network in a country-
side near Damietta city, northeast of the Nile River delta,
Egypt. A pump house will be incorporated in the caisson to
pump the collected sewage water via a force main to a sewage
water treatment plant. Four boreholes were drilled at the con-
struction site to a depth of 50.00 m below ground surface.
Fig. 1 presents the typical subsoil stratiﬁcation system at the
construction site along with the corresponding geotechnical
properties. The recovered soil samples from the boreholes were
classiﬁed in accordance with ASTM D 2487.
The subsoil consisted of a top ﬁll layer containing silty clay
to a depth varied from 1.00 to 2.00 m. The second layer com-
prised soft to medium silty clay with an average thickness of
18.00 m. At a depth varied from 19.00 to 20.00 m, a layer of
silty sand/sand was encountered and extended to 29.00 m. Be-
low this depth, successive layers of medium silty clay 3.00 m
thick, silty sand 4.00 m thick, and medium to stiff silty clay
7.00 m thick were explored. Silty sand was encountered at a
depth of 43.00 m and extended to the termination depth of
the borings, 50.00 m below existing grade. This formation is
typical stratiﬁcation for delta of Nile River. Groundwater ta-
ble was located at a depth of 3.60 m below ground surface.
Depending on extensive experience in similar subsoil condi-
tions and construction methods in Egypt, open caissons are
constructed using consecutive lifts of reinforced concrete
cast-in situ walls. The caisson walls sink in place successively
while the soil inside the caisson is excavated using grab buck-
ets. It is common practice to calculate the wall thickness such
that the weight of the caisson walls is sufﬁcient to advance the
caisson while grabbing the soil from inside the caisson [1]. The
dry weight of the caisson’s walls is 37.57 MN, and the uplift
force on the wall cross-section at the complete embedment
depth is 11.32 MN. Thus, the buoyant weight of the caisson’s
walls is 26.25 MN.
Three different independent geotechnical professionals were
solicited to provide design for the proposed caisson. Even
though the subsoil stratiﬁcations and properties were identical,
the three design outputs are in contradictory due to the imple-
mentation of different working hypotheses. The calculations of
the ﬁrst design showed that the body force of the caisson
walls is larger than the upward resisting force. The working
Figure 1 A typical borehole in case study # 1.
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the caisson during sinking process. Thus, reinforced concrete
piles of 800 mm diameter and 28.00 m depth were suggested
to sustain the proposed braking system of the caisson. Eighty
bored piles were arranged around the caisson to maintain cais-
son stability during sinking process. Each pile is reinforced by
12 bars of 22 mm diameter of high tensile steel, grade 52. The
reinforcement is extended to a depth of 26.50 m. The pile
working load in compression was recommended to be 1.2
MN. The working hypothesis of the ﬁrst design did not con-
sider the uplift pressure on the tip of the caisson walls; rather,
the upward resisting force was assumed to be solely due to skin
friction of soil on the outer surface of the caisson walls. There-
fore the piles should be able to carry the difference between the
dry weight of the caisson and the skin friction resistance devel-
oped on the outer surface of the caisson.
The working hypothesis of the second design showed the
need for using 32 reinforced concrete bored piles instead of
80 piles for the proposed braking system of the caisson. The
hypothesis of the second design considered the uplift water
pressure on the tip of the caisson walls. Due to contradictions
between the two design hypotheses, the client decided to have a
third party opinion.
The third party demonstrated that the skin friction resis-
tance at soil–wall interface using Mohr–Coulomb failure crite-
ria is 20.47 MN. This value was determined implementing the
measured undrained soil shear strength parameters. The resid-
ual values of the shear strength were used because cohesive soil
will be remolded during sinking process. Also by implementing
the values recommended by Terzaghi and Peck [39], the lower
and upper bounds of skin friction resistance were 7.96 and
34.13 MN, respectively, with a mean value of 21.05 MN.
The end bearing resistance under the wall tip of the caisson
was calculated using Terzaghi’s bearing capacity equation to
be 15.74 MN. Calculation for equilibrium condition per-
formed by the third party revealed that the total resistance is
36.79 MN based on Terzaghi and Peck [39] mean value,
whereas the driving force is 26.25 MN at complete embedment
depth. These ﬁndings indicate that there is no need for the
braking system, and the safety factor against instability of
the caisson during sinking process is 1.40. The difference in
cost between the ﬁrst and third designs is more than 20% of
the total cost.
If the lower bound value of skin friction on caisson walls is
considered according to Terzaghi and Peck [39], the resisting
force becomes 23.70 MN, which is less than the driving force
of 26.25 MN. To overcome such uncertainty in mobilized skin
friction and to lower the risk measurements, it is essential to
increase the length of the caisson walls to create additional
resisting forces along both sides of the embedded part of the
walls. Therefore the excavation inside the caisson will not ex-
tend to its tip level. The permanent embedment depth of the
caisson’s walls below the excavation bed should be calculated
to ensure a safety factor of not less than 1.15. The calculations
indicated that an embedment depth of about 4.00 m is re-
quired. While if the upper bound value of skin friction is con-
sidered according to Terzaghi and Peck [39], the resisting force
becomes 49.87 MN, which is more than the driving force of
26.25 MN. If the tip resistance is disregarded, the resisting
force equals 34.13 MN which is bigger than the driving force
by 7.88 MN. This means that caisson needs some precautions
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force or by decreasing the resisting force. These stability anal-
yses demonstrated that uncertainties in skin friction values re-
sulted in insufﬁcient knowledge about the stability of the
caisson during sinking process.
It is interesting to note that the mean value of skin friction
recommended by Terzaghi and Peck [39] agreed well with the
calculated skin friction based on undrained shear strength
parameters and Mohr–Coulomb failure criteria. The writers
believe that the agreement between the calculated skin friction
using Mohr–Coulomb failure criteria and the mean value rec-
ommended by Terzaghi and Peck [39] is coincidental. How-
ever, it is difﬁcult to adopt a design skin friction value from
the wide range recommended by Terzaghi and Peck [39]. The
skin friction values of an open caisson reported by Terzaghi
and Peck [39] involve uncertainties with high risk level. This
may be attributed to that the recommended values are based
on many observations in different sites and may divert from
reality. The wide range of the recommended values for a cer-
tain soil results in different outputs. Ranges of skin friction
values during sinking of both pneumatic and open caissons
in different soil conditions have been reported by Tomlinson
[40]. A comparison between the values recommended by Ter-
zaghi and Peck [39] and those given by Tomlinson [40] shows
a considerable scatter of skin friction in similar soils [33]. This
makes accurate estimation of skin friction before the sinking
process rather difﬁcult.
In this case study, the uncertainties arose in the design of
the open caisson are related to uplift water pressure, friction
along caisson–soil interface, and end-bearing resistance under
the wall tip. The ﬁrst working hypothesis indicated that uplift
water will not develop due to the low permeability of cohesive
soil, whereas the second and the third working hypotheses con-
sidered the uplift pressure. The writers believe that water pres-
sure should be considered in the analysis of open caissons
because pore water pressure may be greater than the hydro-
static value due to stresses imposed on the cohesive soil by
the body weight of the caisson. Both the ﬁrst and second work-
ing hypotheses neglected the end-bearing resistance at the wall
tip of the caisson. There is doubt about the end bearing resis-
tance developed underneath the tip of the caisson walls. Dur-
ing excavation, soil underneath the tip of the caisson walls
slumps towards inside the caisson. The effects of soil distur-
bance on skin friction during sinking process in clay are unde-
ﬁned. Also grabbing and drag down of sand outside the
caisson during sinking process may reduce the skin friction
of the sand. In this case study, the driving force is bigger than
the resisting force especially if the lower bound of skin friction
is considered. Hence a penetration depth of the caisson walls
below the excavation level is ensured to generate additional
skin friction on both sides of the embedment part. Due to
uncertainties involved in the calculations of the value of skin
friction along caisson–soil interface, the behavior of the cais-
son during sinking process remains undetermined. The obser-
vational method should be implemented during sinking
process in order to adapt the design to fulﬁll with the reality.
Mitchell [26] reported that the ability to predict actual behav-
ior in many geotechnical engineering problems is insufﬁcient.
The presented case study demonstrates that the working
hypothesis affects design outputs of the open caissons. No
guaranteed procedure exists for calculating skin friction on
soil–caisson interface. Uncertainties in skin friction valuesresulted insufﬁcient knowledge about the stability of the cais-
son. Uncertainties in the modeling involved in the design stage
of an open caisson increase the risk level and have an apprecia-
ble effect on the anticipated cost and the planned construction
time. The ability to predict actual behavior in many geotechni-
cal engineering problems is inadequate despite the availability
of advanced analytical and numerical capabilities. Therefore, it
is expected that the real and predicted responses may not
agree.3. Case study (2), observational method during construction of
ACIP in unfavorable soil conditions
In a construction site located at Smouha district, Alexandria,
Egypt, nine boreholes were conducted to a depth of 30.00 m
below the ground surface. The recovered soil samples from
the boreholes were classiﬁed in accordance with ASTM D
2487. The subsoil conditions at the site consist of three succes-
sive layers; top ﬁll layer, soft clay, and sandstone. The thick-
ness of the top ﬁll layer was about 4.00 m. The soft clay
extended to a depth varying from 5.00 m to 11.00 m below
the ground surface, at which a bed of sandstone was explored.
The top boundary of the sandstone is inclined by about 12%.
This inclination was interpreted from the logs of the conducted
boreholes and the spacing between the boreholes. The ground-
water table was encountered at a depth of 0.40 m below the
ground surface. Fig. 2 illustrates the typical subsoil stratiﬁca-
tions at the site along with the geotechnical properties of soil
strata.
The proposed building consists of underground basement,
ground ﬂoor, and 12 typical ﬂoors. Pile foundations were rec-
ommended to transfer the building loads to the sandstone
layer. Driven piles were not suitable in this site due to the pres-
ence of sandstone and the installation effects on the nearby
structures. Thus, Auger cast-in-place piles (ACIP) with a diam-
eter of 500 mm were used at this site. The working hypothesis
proceeded with piles socketed 3.00 m in the sandstone. The
corresponding socket length to diameter ratio is 6.
Three uncertainties were involved in the calculation of the
pile working load including skin friction of pile socket, end
bearing at the pile tip, and negative skin friction along the
top soft clay layer. The sources of uncertainties are many
including the inﬂuence of drilling pile holes on the rock prop-
erties, the reliability of the modeling and prediction of the pile
load, and the conﬁdence level of rock properties. It was estab-
lished that the drilling process to form a pile socket affects the
properties of pile–rock interface in a way that the roughness
level at pile–socket interface is indeterminate [46]. Therefore
the drilling of the pile hole may inﬂuence the skin friction
and the bearing capacity of socketed piles. If a pile hole was
drilled in strong rocks by percussion rather than rotary meth-
ods, the walls of the hole will be rough. Thus the concrete will
key into the hole walls and full skin friction will be developed.
Williams et al. [46] reported that skin frictions for rough sock-
ets could be four times higher than those of smooth sockets.
Moreover, the skin friction is affected by rock asperities,
seams, and joints in rock mass which are very difﬁcult to quan-
tify without hypotheses. Many relationships for the calcula-
tions of ultimate skin friction along pile socket are available
as shown in Table 1. The table demonstrates wide scatter in
the calculated values of skin friction. The ratio between the
Figure 2 A typical borehole in case study # 2.
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is about 2.70 in case of a smooth socket, and about 1.34 for a
rough socket. The actual value is dependent on the hardness
and susceptibility to breakdown of the rocks during drilling.
In weak rocks, complete softening occurs and the ultimate skin
friction decreases signiﬁcantly.
The second uncertainty in the pile design was the pile tip
resistance, which depended upon the properties of rock mass
and the allowable settlement of the piles. The documented rela-
tionships for ultimate bearing resistance at the pile tip areshown in Table 2. The table indicates a wide range of the ob-
tained values of bearing capacity at the pile tip. The ratio be-
tween socket length and pile diameter affects the mobilization
of the bearing capacity at the pile tip. This ratio should be less
than four if it is desired to mobilize some base resistance in
addition to full skin friction on the socket [41].
The third uncertainty in the pile design was the down-drag
force on the pile along soft clay and ﬁll layers. The down-drag
force develops on a pile if the soil around the pile settles more
than the pile itself. Negative skin friction on a pile has essen-
tially two major effects; increase the axial load on the pile,
and reduce the overburden pressure along the soil. The reduc-
tion in overburden pressure leads to reduction in both positive
skin friction and pile end bearing. Yae et al. [48] reported that
the negative skin friction developed along a pile is affected by
the properties of soil surrounding the pile such as compression
modulus, voids ratio, and permeability coefﬁcient. The limiting
value of negative skin friction can be related to either the effec-
tive overburden stress in soil (rv ) as fs ¼ b  rv or the un-
drained shear strength of soil (cu) as fs = a.cu. Table 3 shows
the recommended values of (a) and (b) by many authors and
the corresponding calculated limiting values of down-drag
stress on the piles. A wide scatter in the obtained results is
observed.
The average value of positive skin friction along smooth
socket was considered from the above-mentioned relation-
ships. Moreover the mean value of down-drag force from soft
clay layer was taken into consideration. The top level of the
piles will be at a depth of 4.00 m below the ground surface
to allow for the construction of the basement, hence, negative
skin friction on the piles is due to consolidation of soft clay. It
was assumed that the displacement of clay at pile–soil interface
is sufﬁcient to develop the limiting values of negative skin fric-
tion. The socket length exceeds four times the pile diameter so
no end bearing at the pile tip was considered during estimation
of the pile working load. Upon the above-mentioned hypoth-
eses, the design pile working load is 0.90 MN.
Due to the aforementioned uncertainties in the pile design,
it was decided to use the observational method during pile
installation at the construction site. The procedure depends
on veriﬁcation of the implemented hypotheses by carrying
out pile loading tests on working piles. Some difﬁculties faced
the construction of ACIP arose from the drilling process
through the sandstone and the determination of a suitable pile
length in such sandstone of inclined top surface. The main goal
of the observational method at this site was to design and con-
struct the proposed pile foundation both safely and economi-
cally. The choice of one length for all piles at the site will
result in different socket lengths, which will result in piles of
different stiffness. This choice will cause construction difﬁ-
cultly and additional cost to drill unnecessary long sockets
through the sandstone. Moreover, piles of different depths
with the same socket length will shift most of the hard work
and responsibility to the pile contractor and the site engineer.
Besides, it is impractical to construct each pile with a different
speciﬁed length.
To satisfy both theory and practice, the site was divided
into two zones, A and B. In zone (A), the top surface of the
sandstone layer was encountered at a depth varying from
6.00 to 8.00 m. In this zone, the recommended pile length is
12.00 m with a socket length varying from 4.00 to 6.00 m. In
zone (B), the soil samples retrieved from the boreholes
Table 1 Predicted relationships for ultimate skin friction (fmax).
Author Relationship Calculated values
(MPa)
Horvath and Kenney [23] fmaxðtsfÞ ¼ 0:67 ﬃﬃﬃﬃﬃqup 0.39
Reynolds and Kaderapek [43] fmax(tsf) = 0.30qu 1.05
Williams et al. [46] fmaxðtsfÞ ¼ 1:842q0:367u 0.66
Gupton and Logan [21] fmax(tsf) = 0.20qu 0.70
Reese and O’Neill [42] fmax(tsf) = 0.15qu 0.53
Rowe and Armitage [44], smooth socket fmaxðtsfÞ ¼ 1:45 ﬃﬃﬃﬃﬃqup 0.84
Rowe and Armitage [44], rough socket fmaxðtsfÞ ¼ 1:94 ﬃﬃﬃﬃﬃqup 1.12
Carter and Kulhawy [9] fmaxðtsfÞ ¼ 0:63 ﬃﬃﬃﬃﬃqup 0.36
Hassan [22], smooth socket fmaxðMPaÞ ¼ 0:45 ﬃﬃﬃﬃﬃqup 0.84
Hassan [22], rough socket fmaxðMPaÞ ¼ 0:60 ﬃﬃﬃﬃﬃqup 1.12
Tomlinson [41] fmax = a.b.qu 0.41
Zhang and Einstein [49], smooth socket fmaxðMPaÞ ¼ 0:40 ﬃﬃﬃﬃﬃqup 0.75
Zhang and Einstein [49], rough socket fmaxðMPaÞ ¼ 0:80 ﬃﬃﬃﬃﬃqup 1.50
Table 2 Predicted relationships for ultimate end bearing resistance (qmax).
Author Relationship Calculated values
(MPa)
Teng [38] qmax = (58)qu 17.50–28.00
Coates [10] qmax = 3qu 10.50
Pells and Turner [30] qmax = (912)qu 31.50–42.00
Kulhawy and Goodman [25] qmax = JÆCÆNcr 13.26
Canadian Foundation Engineering Manual [7] qmax = 3quÆKspÆD 6.30–12.60
Rowe and Armitage [44] qmax = 2.7qu 9.45
Argema [2] qmax = 4.5qu 6 10 MPa 10.00
Zhang and Einstein [49] qmax ¼ 4:8 ﬃﬃﬃﬃﬃqup 8.98
Gaaver [18] qmax = 8.70qu 30.45
Where J= correction factor allowing for discontinuities, C= cohesion of rock mass, Ncr =modiﬁed bearing capacity factor, Ksp = empirical
factor which can be calculated as;
Ksp ¼ 3þ SB
 
=½10ð1þ 300g=SÞ0:50.
In which; S= spacing of the discontinuities, B= socket width or diameter, g= aperture of the discontinuities, D= depth factor = 1 + 0.4
(L/B) 6 3.00, L= socket length, and qu = unconﬁned compressive strength of intact rock (MPa).
Table 3 Limiting values of down-drag stress on piles.
Author a b Calculated values (kPa)
Silva [34] – 0.11–0.29 4.00–10.56
Takashi et al. [37] – 0.24–0.30 8.74–10.92
Lebegue (1964), [6] – 0.26–0.79 9.46–28.76
Bakholdin and Berman [3] – 0.26–0.52 9.46–18.93
Johannessen [24] – 0.12–0.20 4.37–7.28
Fellenius and Haagen [16] 0.55–0.61 0.20–0.25 12.10–13.42
Bjerrum et al. [4] – 0.20–0.25 7.28–9.10
Endo et al. [15] – 0.20–0.35 7.28–12.74
Bozozuk [5] – 0.33 12.01
Cognon [11] 0.42 – 9.24
Takashi and Sawaguchi [36] – 0.25 9.10
Norwegian pile committee [28] – 0.15–0.22 5.46–8.01
Garlanger [19] – 0.20–0.25 7.28–9.10
Broms [6] – 0.20 7.28
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varied from 8.00 to 11.00 m. In this zone, the recommended
pile length is 14.00 m with a socket length varying from 3.00
to 6.00 m. In this situation, it is important to note that the bor-der line between the two zones does not bisect any pile group.
The installation of piles in zone (A) was completed by taking
into consideration some precautions to drill piles through
sandstone of inclined top surface.
Figure 4 Load–displacement relationships of the tested piles in
case study # 2.
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indicated that the drilling process was easy without anticipated
resistance as usual. So there is doubt about the existence of
sandstone within the drilling depth. At this stage ten additional
boreholes were performed in zone (B) to evaluate precisely the
top surface of the sandstone. According to soil samples re-
trieved from these boreholes, zone (B) was subdivided into
three zones B1, B2, and B3 with pile lengths of 14.00, 16.00,
and 17.00 m respectively as shown in Fig. 3. The concept for
determination of the pile length is to ensure a socket depth
of 3.00 m throughout the sandstone. Unfortunately some piles
were constructed at zone (B3) with a pile length of 14.00 m.
The additional boreholes revealed that the piles constructed
in area (B3) of 14.00 m depth are just touching the top surface
of the sandstone. Following the observational method, a cor-
rective action was taken. It was decided to carry out a pile load
test on a pile of 14.00 m depth constructed in zone (B3) to
extrapolate the pile behavior.
A pile load test was conducted on pile no. 116, with a length
of 14.00 m in zone (B3), as shown in Fig. 4. The load–settle-
ment relationship indicated that the measured displacement,
at 1.50 times the pile working load, is 8.98 mm compared with
the allowable value according to Egyptian code [14] of
12.41 mm, Table 4. The predicted pile working load according
to some European codes [12] and Egyptian code [14] indicated
an average value of 1.03 MN, with a standard deviation
of ±0.16 MN. For comparison purposes, another pile load
test was carried out on pile no. 250 of 14.00 m depth in zone
(B1). The chosen pile has a socket length of 3.00 m throughout
the sandstone. The average value of the predicated pile work-
ing load by the abovementioned codes is 1.25 MN, with aFigure 3 Layout of zonesstandard deviation of ±0.38 MN. It is remarkable that the
two tested piles have quite different load–displacement rela-
tionships, therefore three additional pile loading tests were
conducted at the site. Fig. 4 and Table 4 illustrate the summary
of the pile loading tests.
Comparison of the results of pile loading tests indicated
that the response of a pile that just touches the sandstone is
quite different from the behavior of the other four piles that
have sufﬁcient socket length throughout the sandstone. The
implementation of the observational method required a con-
tingency action to ensure safety of the proposed building.
Therefore allowable working load of the piles of 14.00 m inat the construction site.
Table 4 Summary of pile loading tests.
Test no. Pile no. Zone Pile length
(m)
Socket length
(m)
Displacement at load 1.35 MN
in mm
Allowable displacement at
load 1.35 MN in mm, [14]
1 116 B3 14.00 0.00 8.98 12.41
2 250 B1 14.00 3.00 3.02 12.41
3 222 A 12.00 4.00 2.78 12.06
4 488 B2 16.00 3.00 2.77 12.75
5 523 B3 17.00 3.00 1.87 12.92
276 F.M. Abdrabbo, K.E. Gaaverzone (B3) was decreased to 0.65 MN to match the measured
settlements of other piles. The reduction in allowable load of
piles in zone (B3) aimed to minimize the differential settlement
of the proposed building. Thus additional piles were required
to be installed at zone (B3). The additional piles required mod-
iﬁcations of the arrangement of piles which have been in-
stalled. So the arrangements of the pile groups and the
design of the reinforced concrete pile caps in zone (B3) were
modiﬁed. This situation highlights the useful implementation
of the observational method during construction of ACIP to
alter the design with the real conditions.
During construction stage in zones A, B1, and B2, it was
observed that the auger tilted once the auger tip touched the
top surface of the sandstone, though the auger is provided with
many carbide teeth above the cutting bits. This observation
may be explained knowing that the bottom end of the auger
is provided with two cutting bits opposite to each other. At
the inclined top surface of the sandstone, one bit is cutting
in sandstone while the other is cutting in soil. Hence unequal
and opposite forces acting on the auger were generated, which
tended to push the bottom of the auger from verticality. Once
the auger exited out of verticality either the auger was broken
or no drilling advancement could be achieved. In the ﬁrst case,
it was difﬁcult to remove the broken auger from the soil. Thus
the location of the pile was moved away from the design loca-
tion, and another trial was attempted. This procedure was not
reliable, consumed time and effort, and of high risk level. A
corrective action needed to be taken for a reliable construction
of the piles at the site.
The role of practice of the geotechnical engineer played a
signiﬁcant factor for successful construction of a project. The
engineer advised the pile contractor to predrill the location
of a pile hole with a 100 mm diameter auger and then widen
the drilling hole with a 400 mm diameter auger before using
the 500 diameter auger. In the case of drilling a hole with an
auger of 100 mm diameter, tricone was used for drilling. The
resisting force due to drilling was mostly vertical in the direc-
tion of the drilling rod, which can be resisted by the weight
of the drilling rig and the attached drilling rod. The adopted
procedure showed both reliability and constructability.
This case study illustrates that sometimes boreholes may
not precisely represent the succession and the extent of soil for-
mations. Thus, it is important to keep an eye open on the con-
ditions encountered during pile installation at the site. The
application of the observational method during construction
at the site is valuable to account for the inherent scatter of soil
parameters, the uncertainties in the models, and the assump-
tions made by the working hypotheses during design stage. Fi-
nally, it is not advisable to bear the pile base directly on rock; a
pile socket is required to limit the expected displacement.
Upon the observations at the site, the design was altered tomatch the real subsoil conditions. This case study highlights
the beneﬁts of merging theories and practice in producing a
reliable design of pile foundation ensuring both safe and eco-
nomical foundation system.
4. Case study (3), observational method during construction of
ACIP through soil containing caves
The main objective of this case study is to demonstrate the use
of the observational procedure during construction of auger
cast-in-place piles (ACIP) in difﬁcult subsoil conditions. The
subsoil investigation should not be limited to the data obtained
from limited number of boreholes conducted at the site and the
information gained from the extracted soil samples but should
include the observations during the construction stage. ACIP
were adopted for construction of a building inside a school
campus. This type of piles was adopted because the pile re-
duces vibration and noise during installation signiﬁcantly.
Four boreholes were performed at the construction site to a
depth of 20.0 m below the ground surface. The recovered soil
samples from the boreholes were classiﬁed in accordance with
ASTM D 2487.
The retrieved soil samples revealed that the soil at the con-
struction site consisted of three successive layers. The top layer
comprised ﬁll of poorly graded sand and some pieces of sand-
stone/gravel and extended to a depth of 2.00 m below the
ground surface. The second layer consisted of poorly graded
silty sand up to a depth of 8.00 m below the ground surface.
At this depth, poorly graded silty sand and pieces of sandstone
were encountered. The groundwater table was encountered at
a depth of 11.00 m below the ground surface. Fig. 5 shows a
typical borehole at the construction site. ACIP with a diameter
of 500 mm were recommended to support the building loads.
The pile length is 13.00 m below the ground surface, the pile
working load is 600 kN, and the proof test load is 900 kN.
During the construction stage of the piles, it was observed
that the volume of concrete pumped into the pile hole during
auger retrieval was 4.05 to 10.55 m3. Thus the grout ratio of
the installed piles varied from 1.59 to 4.14. Normal practice
showed that the grout ratio should be with 1.15 [13]. In addi-
tion, the pile crew observed that some of these piles consumed
huge amount of concrete, but the concrete did not appear at
the ground surface. This phenomenon was observed during
the construction of 51 piles at the site. The number of unsuc-
cessful piles corresponds about 10% of the total number of
piles at the site. The observations indicated that there are gal-
leries and cavities inside the soil formations at the construction
site. The construction site is in Alexandria city, Egypt, in a part
of ancient Alexandria a few hundred meters from the Mediter-
ranean Sea. It is important to note that the loss of concrete
into caves and galleries is considered an obstacle for drilling
Figure 5 A typical borehole in case study # 3.
Figure 6 Load–displacement relationships of tested piles in case
study # 3.
Applications of the observational method in deep foundations 277the nearby piles, unless precautions are considered. During the
construction of this 10% of piles, the unsuccessful piles were
re-bored to the design depth and re-ﬁlled with sand. The instal-
lation of piles at the site was temporarily stopped for more
studies and discussions.
The experience of the geotechnical engineer on such prob-
lems is important. The engineer conﬁrmed that the north-west
region of downtown Alexandria contains many galleries and
caves. Some of these galleries are connected to each other.
Moreover, some sort of marble and similar materials are
embedded throughout the soil. In another nearby site, a pile
of 500 mm in diameter and 18.00 m in depth consumed
approximately 20 m3 of concrete to completely ﬁll the pile
hole. The corresponding grout ratio is about 5.66. Clearly,
the boreholes at the site and the retrieved soil samples were
not adequate for the indication of the subsoil conditions. How-
ever, this problem can be assessed during subsurface investiga-
tions by observing the ﬂow of the drilling mud from boreholes.
Sudden loss of the drilling mud while drilling a borehole may
be an indication of galleries and caves encountered at the loca-
tion of the borehole. In these situations, the observations data-
base is important to decide the corrective actions.
The engineer recommended a corrective procedure to
overcome this problem. The procedure utilized a cement–ben-
tonite mixture to ﬁll the holes of the unsuccessful piles beforeconcreting. The mixture consisted of 100 kg of bentonite,
200 kg of cement, and 0.75 m3 of sand. The water cement ratio
varied from 1.20 to 1.30 by weight. In the event of concrete
loss during auger retrieval, the pile hole was re-drilled to the
same design level through fresh concrete and the pile hole
was ﬁlled by pumping with the cement–bentonite mixture. If
the hole consumed an unusual amount of cement–bentonite,
the hole was left for a period and then re-drilled to the same
design level of the pile tip, and the process was repeated until
the hole is ﬁlled by cement–bentonite. Then, the pile was in-
stalled by drilling through the cement–bentonite. The proce-
dure was completed by installing all the successful piles and
ﬁlling the unsuccessful piles by cement–bentonite mixture. This
was followed by boring the unsuccessful piles and pumping the
holes with concrete. The piles at the construction site were suc-
cessfully installed using this procedure. After installing the
piles at the site, it was important to check the quality of the
constructed piles.
Four pile loading tests were conducted on four random
piles up to a test load of 0.90 MN. All loading tests conﬁrmed
the design working load of piles, Fig. 6. The ultimate pile load
for each test was predicted by implementing Egyptian code [14]
and ﬁve European codes [12]. The obtained results showed a
factor of safety varying from 2.50 to 5.67. Pile integrity tests
using the echo method were conducted on 34 piles. Ten of
these piles indicated bulging at some depths. The rest of the
tested piles showed integrity of their cross sections. The soil
around ﬁve defective piles was recovered up to depth of
4.00 m below the ground surface to enable visual inspection
of the defective piles. It was found that the piles were bulged
at shallow depths and the diameters of the piles increased to
a value between 650 and 700 mm instead of 500 mm.
The presented case study shows that sometimes boreholes
may not precisely represent the succession and the extent of
soil formations. Thus, it is important to implement the obser-
vational method during pile installation at the site and adopt
the method statement set for construction. Monitoring the vol-
ume of concrete pumped in during auger retrieval is essential.
Moreover, ACIP can be used successfully through soil forma-
tions that have galleries and caves using a cement–bentonite
mixture to ﬁll the unsuccessful holes of the piles before
concreting.
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This paper highlights the importance of the application of the
observational method in the design and construction of deep
foundations through three case studies. The ﬁrst one demon-
strates the effect of the working hypotheses on design outputs
of an open caisson of 22 m diameter. The other two case stud-
ies present the difference between theories and reality during
construction stage of auger cast-in-place piles (ACIP). The fol-
lowing conclusions can be addressed:
1. The working hypotheses, uncertainties in soil properties,
and engineering modeling affect the anticipated cost and
the planned construction time of deep foundations.
2. Sometimes boreholes may not precisely represent the suc-
cession and the extent of subsoil formations. Thus, it is
important to implement the observational method during
construction of the foundations at site and to alter the
design to match the real subsoil conditions.
3. It is not advisable to bear the pile base directly on rock; a
sufﬁcient socket length of the pile is required to limit the
expected displacement.
4. Some precautions should be considered when installing
ACIP through sandstone of inclined top surface. Predrilling
the location of a pile with a small diameter auger may be
used.
5. ACIP can be used successfully through soil formations that
have galleries and caves using a cement–bentonite mixture
to ﬁll the holes of the unsuccessful piles and re-drill
afterward.
6. The observational method is valuable in geotechnical engi-
neering to account for the inherent scatter of soil parame-
ters, the uncertainties in the models, and the assumptions
made by the working hypotheses during the design.References
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